Hydrogenation of CO was carried out over Pd catalyst supported on Al2O3, MgO, silica alumina, and silica gel supports.
Introduction
Catalytic hydrogenation of CO is an important process for the synthesis of oxygen-containing organic compounds.
Methanol is one of the most important raw materials in the petrochemical industry, and is the precursor for various useful chemicals such as acetic acid, methyl methacrylate, methylamine, and formaldehyde. Methanol is commercially produced from CO and H2 over Cu/ZnO/Al2O3 catalyst. This catalyst, however, is poisoned by S and Cl, and the Cu component has poor heat resistance, so the investigations to improve its performance continue1)-5). The synthesis of methanol from CO and H2 is an exothermic reaction with a standard enthalpy of -90.97kJ mol-1 and reduces number of molecules6). Consideration of the equilibrium shows that low temperature and high pressure favors methanol production, so catalysts active at low temperatures would be advantageous.
The series of precious metals are one candidate group for low temperature hydrogenation of CO. In particular, Pd is regarded as the most promising catalyst, and its activity in the hydrogenation of CO as well as CO2 has been widely investigated7) -22) . Synthesis of oxygen-containing compounds requires preservation of the C-O bond. Addition of alkali or alkali-earth metals such as Li or K promotes the formation of methanol via formate ion and/or formyl species11)-15). This observation implies that basic compounds can prevent C-O bond scission. The state of Pd is also important as the oxidized state of Pd (Pdn+) activates CO without C-O bond scission whereas metallic Pd activates H218),23). The effect of various oxides of lanthanide on the activity of Pd has been investigated16)-19). Rieck and Bell reported that addition of lanthanide oxides such as La2O3, CeO2, Pr6O11, Nd2O3, and Sm2O3 to Pd/SiO2 promotes C-O bond scission and forms methane16). In contrast, Vannice et al. reported that addition of basic La2O3 and Nd2O3 promotes methanol production through the formation of formyl intermediates. They also found that CeO2 (the least basic of the lanthanide oxides) accelerates C-O bond scission through Pd-C-O-Ce interaction18). Previously, we found that Pd supported on CeO2 showed high activity for CO hydrogenation to methane whereas La2O3, Pr6O11, and Dy2O3 were better supports for methanol production; CeO2 leads to the selective formation of methane24). However, when CeO2 was added as a promoter to Pd supported on MgO, methanol was produced with high yield and selectivity25). In the course of the investigation, we found that replacement of the MgO by Al2O3 caused effective formation of dimethyl ether (DME). DME has become important recently because of the potential uses as an intermediate for the production of many important chemicals, as an aerosol propellant to replace chlorofluorocarbons, as a transport fuel or a fuel additive, and others26) -29) . The present study is concerned with the catalytic action of Pd/CeO2/Al2O3 in the hydrogenation of CO. The states of the Pd and Ce in Pd/CeO2/Al2O3 were investigated in detail and compared with those in Pd/CeO2/MgO25). A total of 2MPa of a mixture of CO (22.2 vol%) and H2 (77.8vol%) was fed from a cylinder with a space velocity of 2400h-1, and the temperature of the Decomposition of methanol was carried out with an ordinary flow reactor under atmospheric pressure.
A portion of 0.5ml of a catalyst charged in a tubular reactor was reduced with hydrogen (10vol% in Ar) at vol% of methanol was introduced into the reactor and
Temperature programmed reduction (TPR) experiments were carried out with a flow reactor. Hydrogen (1.9vol% in Ar) was introduced into the reaction tube containing a catalyst under an atmospheric pressure (30 ml/min). The tube was heated with an electric furnace was monitored with a Shimadzu 4CPT gas chromatograph equipped with a thermal conductivity detector (TCD). Adsorption of CO on Pd was measured with an ordinary glass vacuum line. Samples were reduced with evacuation at that temperature for another 20min. After the samples had been cooled to room temperature, CO (2.6kPa) was introduced.
2.3.
Analyses The reaction products in the hydrogenation of CO were analyzed with a Shimadzu GC-12A gas chromatograph. DME, H2O, and methanol were determined prescribed reaction temperature was attained, H2, CO, CH4, and CO2 with a Unibeads C column (1.5m) at min. Selectivity (SMeOH and SDME) was defined on carbon basis as follows (the concentration of DME was doubled), and the yield was also expressed on carbon basis.
The products formed by the decomposition of methanol were analyzed 10min after the prescribed temperature was attained. Hydrogen, CO, CH4, and CO2 were analyzed with a Shimadzu GC-3BT gas chromatograph and methanol with a Shimadzu GC-4BT gas chromatoAcid strength of the supports was determined in dry benzene using methyl red (pKa=4.8), p-dimethylaminoazobenzene (pKa=3.3), and 4-phenylazodiphenylamine (pKa=1.5) as Hammett indicators.
XAFS measurement was carried out in the transmission mode at the BL-10B station for Pd K-edge spectra (ring energy: 2.5GeV, ring current: 313-441mA) and at the BL-7C station for Ce LIII-edge spectra (ring energy: 2.5GeV, ring current: 264-445mA) of the Photon Factory in the High Energy Accelerator Research Organization (Tsukuba, Japan). Catalysts were prefor 1h and were sealed in Q-pack pouches in a nitrogen atmosphere.
The method of data analysis was described elsewhere30), 31) TEM images were obtained with a Hitachi H-9000 transmission electron microscope. Effect of CeO2 on the Hydrogenation of CO over Pd Catalysts Loaded on Various Supports Figure  1 shows the results of the hydrogenation of the effect of the addition of CeO2 (Pd/Ce molar ratio of 1). As Fig. 1 shows only CO conversion and methanol (MeOH) plus DME yield, the selectivity of the major by-products (CH4 and CO2) is also shown in Table 1 . MgO, SiO2, and ZrO2 selectively produced MeOH whereas DME was the predominant product over Al2O3. Addition of CeO2 increased the yield of MeOH or MeOH plus DME (O-containing compounds) on all supports, and the best result was obtained for Pd/CeO2/Al2O3. DME is thought to be produced by the dehydration of MeOH on the acid site of catalysts26). Therefore, the relationship between the acid property of the supports and the catalytic performance for DME production was investigated using silica aluminas together with Al2O3 and SiO2 (Fig. 2) . DME was produced over silica alumina but not on SiO2, indicating the importance of the acid site. However, the yield of DME did not depend upon the acid strength of the supports. The order of acid SAL-2. As DME is produced via MeOH (i.e., dehydration of MeOH), the above result shows that the ratedetermining step is not DME formation from MeOH on the acid sites but the formation of MeOH. Therefore, Pd/CeO2/Al2O3 catalyst has inherently high activity for MeOH production.
As seen from Fig. 1 , the yield of MeOH plus DME (O-containing products) was the highest for Al2O3 among the catalysts without CeO2, and the combination of Pd with Al2O3 was especially favorable for CO activation without bond scission. Figure 3 depicts the effect of the amount of CeO2 on the activity of Pd/CeO2/Al2O3 catalyst. Formation of O-containing compounds was most favorable at a Ce/Pd molar ratio of 1 to 2. The yield of CH4 (C-O scission product) was low in this region, and further addition of CeO2 accelerated the formation of CH4 and other by-products production as in the case of Pd/CeO2/ MgO catalyst26).
Decomposition of Methanol on Pd/Al2O3 and
Pd/CeO2/Al2O3 To investigate the effect of CeO2 on DME formation, decomposition of MeOH was carried out over Pd/Al2O3 and Pd/CeO2/Al2O3 (Fig. 4) . DME was formed in the of MeOH was slightly accelerated but the formation of The reaction conditions are shown in Fig. 1 . a) The numbers in parentheses are the ratio of the conversions with and without ceria. b) Other products were not identified. As the effect of CeO2 on both the acceleration of MeOH decomposition and retardation of DME formation is small, CeO2 can be considered to accelerate the first step of DME formation, namely, the formation of MeOH over Pd/ Al2O3.
3.3.
Characterization of the Catalysts TPR experiments were carried out for the Pd/CeO2/ Al2O3 catalysts which had not previously been reduced (Fig. 5) . The hydrogen consumption peaks observed in the low temperature region are due to the reduction of PdO to Pd. Addition of CeO2 to Pd/Al2O3, clearly shifted the peak to a higher temperature region; the larger the amount of CeO2, the higher the reduction temperature.
Therefore, CeO2 retards the reduction of PdO.
TPR experiments were also carried out for CeO2/ Al2O3, CeO2/MgO, and CeO2/SiO2 without Pd (Fig. 6) . Only CeO2 on Al2O3 underwent reduction in the range tween CeO2 and Al2O3 is strong. Ce/Pd molar ratios of 0, 1, and 3, respectively. Table  2 shows the results of N2 and CO adsorption measurement. Increased amount of CeO2 resulted in decreased surface area, increased Pd dispersion, and steady decrease in Pd particle size. Although there is a large discrepancy between the Pd particle sizes measured by TEM and those calculated on the basis of the CO adsorption data, CeO2 clearly increases the dispersion of Pd. The particle sizes measured by CO adsorption are larger than those observed by TEM because the former calculation is based on the assumption that all Pd is metallic.
As shown later by XAFS analysis, part of the Pd is in the oxidized state (2+) and the particle size measured by CO adsorption is consequently overestimated.
The effect of the change in the reduction temperature on the Ce-Lm edge XANES spectra of Pd/CeO2/Al2O3 and Pd/CeO2/MgO is shown in Fig. 8 . The Ce in Pd/CeO2/MgO completely retains the valence 4+ even CeO2 is reduced relatively easily on Al2O3, suggesting a close interaction between these components in accordance with the TPR result (Fig. 6) . Figure 9 shows the Pd K-edge XANES spectra of Table 2 Surface Area (Sw), Pd Dispersion, and Pd Particle Size of Pd/CeO2/Al2O3 Measured by N2 and CO Adsorption Experiments The effect of the addition of CeO2 on the Pd K-edge of Pd/Al2O3 and Pd/MgO XANES spectra is shown in for 1h before XAFS measurement. Although the addition of CeO2 on Pd/Al2O3 had no clear effect judging from the shape of the adsorption edge, the spectrum shape after the absorption edge of Pd/CeO2/Al2O3 deviates from that of the Pd foil to a slightly larger degree than that of Pd/Al2O3 without CeO2. Therefore, the addition of CeO2 retards the reduction of Pd on Al2O3 although not as much as for Pd/CeO2/MgO. Isosbestic points are observed for both spectra, indicating that both catalysts are composed of Pd0 and Pd2+.
The Fourier transforms (FT's) of the EXAFS of Pd on Al2O3, SiO2, and SAH-1 are shown in Fig. 11 . metallic Pd-Pd bond decreases in the order, SiO2> SAH-1>Al2O3, showing that Pd particle size decreases with the interaction of Al2O3. The curve fitting gave the coordination number around Pd as 12 (Pd foil: standard), 11.5 (Pd/SiO2), 9.3 (Pd/SAH-1), and 9.0 (Pd/Al2O3).
The effect of the addition of CeO2 on the FT's of Pd K-edge spectra of Al2O3 and MgO is shown in Fig. 12 . 
Conclusion
The effect of CeO2 on the state and activity of precious metals is well discussed.
In particular, CeO2 enhances the dispersion of precious metals and promotes the catalytic activity for various reactions32)-37). Combination of Pd with CeO2 is used to catalyze the hydrogenation of CO. Matsumura et al. reported that addition of CeO2 promotes the formation of ultra fine Pd particles accompanied by oxidation of Pd (probably to valence 1+) which shows high activity for MeOH formation38),39) The present study found similar results. However, the difference lies in the fact that the effect of CeO2 on the performance of Pd depends greatly on the type of supports.
The present results identified the following differences between Pd/CeO2/ MgO and Pd/CeO2/Al2O3. The interactions of Pd with MgO and of CeO2 with MgO are not strong, so Pd is remarkably affected by CeO2; Pd is finely dispersed and the portion of the oxidized state of Pd is large. In contrast, the interactions of Pd with Al2O3 and of CeO2 and Al2O3 are stronger as indicated in Figs. 6, 8, 9 , and 11. Therefore, CeO2 is in a more reduced state than on MgO, leading to a weaker interaction between CeO2 and Pd, and addition of CeO2 causes less dispersion of Pd on Al2O3 than MgO. Consequently, the resistance against reduction is smaller. In conclusion, the interactions between Pd, CeO2, and Al2O3 with an intermediate strength are the basis for the higher activity of the Pd/CeO2/Al2O3 catalyst for O-containing compounds formation than Pd/CeO2/MgO.
It may seem strange for us to conclude that Pd retains the oxidized state when combined with CeO2 at a reaction temperature of hydrogen (Fig. 5) . However, XAFS analysis indicates that CeO2 provides oxygen to maintain some Pd in the oxidized state. The isosbestic point in the Pd Kedge XANES analysis shows that the valence state of the oxidized Pd is 2+. 
